We study the environmental effect on molecules embedded in noble-gas (Ng) matrices. The experimental data on HXeCl and HKrCl in Ng matrices is enriched. As a result, the H−Xe stretching bands of HXeCl are now known in four Ng matrices (Ne, Ar, Kr, and Xe), and HKrCl is now known in Ar and Kr matrices. The order of the H−Xe stretching frequencies of HXeCl in different matrices is ν(Ne) < ν(Xe) < ν(Kr) < ν(Ar), which is a non-monotonous function of the dielectric constant, in contrast to the "classical" order observed for HCl: ν(Xe) < ν(Kr) < ν(Ar) < ν(Ne). The order of the H−Kr stretching frequencies of HKrCl is consistently ν(Kr) < ν(Ar). These matrix effects are analyzed theoretically by using a number of quantum chemical methods. The calculations on these molecules (HCl, HXeCl, and HKrCl) embedded in single Ng layer cages lead to very satisfactory results with respect to the relative matrix shifts in the case of the MP4(SDQ) method whereas the B3LYP-D and MP2 methods fail to fully reproduce these experimental results. The obtained order of frequencies is discussed in terms of the size available for the Ng hydrides in the cages, probably leading to different stresses on the embedded molecule. Taking into account vibrational anharmonicity produces a good agreement of the MP4(SDQ) frequencies of HCl and HXeCl with the experimental values in different matrices. This work also highlights a number of open questions in the field. FIG. 3. HKrCl in Ar and Kr matrices. Shown are difference spectra presenting the results of annealing of photolyzed HCl/Kr/Ng matrices (Ng = Ar and Kr)
I. INTRODUCTION
Matrix IR spectroscopy was invented as a method to investigate isolated species especially those with low energetic stability and high chemical reactivity as well as chemical and photochemical reactions. 1-3 An inert matrix and low temperature make possible to measure vibrational spectra of isolated species over an extended period of time without essential perturbation from the environment. This method is also very suitable to study intermolecular interactions, including hydrogen bonding, which are usually analyzed by comparing the IR spectra of the monomers and complexes.
From the very beginning of matrix-isolation research, it was noticed that the matrix itself can affect the properties of the embedded species. The simplest matrix effect is probably a change of vibrational frequencies of matrix-isolated species with respect to the gas-phase values. The experience of matrix-isolation research shows that the smallest shift of the vibrational bands (from the gas phase) occurs for species in a Ne matrix whereas the strongest shift is usually observed (among the practical noble gases) for Xe matrices. The classical example of this trend is reported for the stretching frequencies of hydrogen halides HY, all showing the order ν(gas) > ν(Ne) > ν(Ar) > ν(Kr) > ν(Xe). 4 These matrix-induced shifts can be qualitatively understood in terms of solvation a) Present address: Arthur Amos Noyes Laboratory of Chemical Physics, California Institute of Technology, 1200 East California Boulevard, Pasadena, California 91125, USA. b) E-mail: leonid.khriachtchev@helsinki.fi of a molecule in a polarizable medium. Simulations of small molecules in noble-gas (Ng) clusters lead to reasonable agreement with experimental matrix effect as, for example, for HF in Ar clusters. 5 However, this order of stretching frequencies is not general; for example, it is not valid for the CH stretching mode of formic acid; 6 thus, each case should be considered specifically.
Noble-gas hydrides with the formula HNgY (Ng = Ar, Kr, and Xe; Y = an electronegative fragment) are supposed to be very sensitive to external influences due to the relatively weak chemical bonding and large dipole moments. [7] [8] [9] [10] The complexes of noble-gas hydrides with other molecules have attracted both theoretical and experimental interest. 9, 10 Upon interaction with other molecules, the HNgY molecules as a rule exhibit blue shifts of the H−Ng stretching frequencies with a few theoretical exceptions. These blue shifts are observed not only for interaction with the H−Ng part, which may be called "improper hydrogen bond," 11 but also for intermolecular interactions without bonding to the hydrogen atom of HNgY. This blue-shift effect was explained by the enhanced charge separation (HXe) + Y − upon complex formation. 10 Based on the experience with the HNgY complexes, 10 one may expect to observe higher H−Ng stretching frequencies in matrices with larger dielectric constants. In fact, the calculations with the polarizable continuum model predict exactly this trend. 12 This intuitive conclusion seemed to find support in experiments with HXeCl and HXeBr in Ne matrices where the H−Xe stretching frequencies were lower than those in Xe matrices (by 35 and 52 cm −1 , respectively). 13 More surprisingly, HXeCl and HXeBr in a Kr matrix were reported to absorb at higher frequencies (by 15 and 20 cm −1 ) than in a Xe matrix. 14 Indeed, the lower H−Xe stretching frequency in a Ne matrix can be discussed in terms of a smaller (HXe) + Y − charge separation; however, it is unclear why solvation in a Kr matrix produces a stronger charge separation than that in a Xe matrix. More recent experiments have shown the order ν(Ar) > ν(Kr) > ν(Xe) > ν(Ne) for HXeBr and HXeCCH. 12, 15 All these data suggest that the matrix shift of the H−Xe stretching mode is non-monotonous with respect to the matrix dielectric constant; thus, our first intuitive expectation is not absolutely correct at least with respect to Ar, Kr, and Xe matrices.
To our knowledge, theoretical explanation of these experimental observations on HNgY molecules in different matrices is missing. The number of theoretical works dealing with HNgY molecules in clusters is very limited (in contrast to the 1:1 complexes). The blue-shifting effect of the matrix on the H−Ng stretching mode was first found in the calculations of Runeberg et al. for HArF@Ar 6 where a shift of +38 cm −1 of the H−Ar stretching mode was promoted by the interaction with the cluster. 16 Matrix effects on several HNgY molecules were studied by Bihary et al., 17 but the used interaction potentials were not of quantitative accuracy, and the results were not satisfactory. Among other attempts, we mention the matrix-site splitting of the H−Ar stretching mode of HArF in an Ar matrix successfully simulated by Bochenkova et al. 18, 19 Liu et al. applied the polarizable continuum model to different Ng molecules to simulate matrix-solvation effects. 20 In particular, they obtained blue shifts of the H−Xe stretching mode of HXeCl and HXeBr as a result of solvation in a Xe matrix (+120 and +135 cm −1 , respectively). Tsuge et al. have recently used the polarizable continuum model to calculate the properties of HXeBr and HXeCCH in Ng matrixes (Ng = Ne, Ar, Kr, and Xe), and the order of H−Xe stretching frequencies ν(Xe) > ν(Kr) > ν(Ar) > ν(Ne) has been obtained for both molecules, in disagreement with the experimental results. 12 The recent B3LYP-D study by Cohen et al. has been focused on simulations of HXeBr in CO 2 and Xe matrices, 21 and reasonable agreement with the experimental results has been found.
The main objective of the present work is to study the matrix effect on the vibrational spectra of embedded molecules. First, we enrich experimental spectroscopic data on HXeCl and HKrCl in Ng matrices. Second, we perform simulations of these molecules as well as of HCl in single layer cages of various noble gases Ng optimized with the B3LYP-D, MP2, and MP4(SDQ) methods.
II. EXPERIMENT

A. Experimental details
The gaseous mixtures of HCl with different noble gases were deposited onto a cold CsI substrate in closed-cycle helium cryostats (APD, DE 202A for Ar, Kr, and Xe matrices and RDK-408D, Sumitomo Heavy Industries for a Ne matrix). The IR absorption spectra in the 4000 to 400 cm −1 range
were measured with a Nicolet SX60 FTIR spectrometer (resolution 1 cm −1 ). The matrices were photolyzed with a 193-nm excimer laser (MPB, model MSX-250, pulse energy density ∼10 mJ cm −2 ) using typically 2000 pulses at 8.5 K for Ar, Kr, and Xe matrices. Photolysis in a Ne matrix was performed with a Kr lamp (Opthos) at 4.3 K. The IR spectra were measured at the lowest operation temperatures of the cryostats.
B. Experimental results
The IR spectra of HCl in different matrices are wellknown. 4, [22] [23] [24] [25] The R(0) branch produces the strongest bands at 2900, 2887.5, 2872.5, and 2858 cm −1 in Ne, Ar, Kr, and Xe matrices, respectively, red-shifted from the gas-phase value of 2905.7 cm −1 (for the main isotope 35 Cl). The H 37 Cl absorptions are ∼2 cm −1 lower in energy. The Q branch corresponds to relatively weak bands at 2866, 2853, and 2838 cm −1 in Ar, Kr, and Xe matrices, respectively, red-shifted from the gasphase band origin at 2886 cm −1 . 26 Addition of Xe to an HCl/Ng (Ng = Ne and Ar in our experiments) mixture produces some amount of the HCl . . . Xe complex in the Ng matrix. The most evident is the formation of the HCl . . . Xe complex band at 2868 cm −1 in a Ne matrix (2076 cm −1 for DCl . . . Xe). It is interesting to estimate the shift of the HCl band upon complexation with a Xe atom. This shift should be calculated with respect to the Q branch, which unfortunately has not been observed in a Ne matrix. However, we can estimate its position by using the spectrum in an Ar matrix and assuming a similar matrix effect on the R and Q branches. As a result, we obtain the Q branch at about 2879 cm −1 for HCl in a Ne matrix. It follows that interaction with a Xe atom changes the HCl frequency in a Ne matrix by −11 cm −1 . More detailed description of IR spectroscopy of HCl species exceeds the scope of the present work.
We performed experiments with a mixture of Xe, HCl, and DCl in a Ne matrix. UV photolysis dissociates HCl and DCl. H(D) atoms have the highest probability to escape the cage and they are isolated in the matrix. 27 In this case, some amount of Cl . . . Xe pairs is expected to be stabilized in the matrix. Thermally mobilized H(D) atoms can react with these Cl . . . Xe pairs to produce HXeCl and DXeCl molecules. It is interesting that the corresponding bands appear already after photolysis (prior to annealing), which indicates the locality of photolysis of HCl in a Ne matrix (spectrum a in Figure 1 ). Similar light-induced formation has been reported for a number of other HNgY molecules in Ar, Kr, and Xe matrices. [28] [29] [30] [31] Annealing of the matrix enhances the amount of HXeCl and DXeCl, as typical for this preparation method (spectrum b in Figure 1 ). The HNgY molecules can be easily decomposed by UV light, which is their characteristic feature, and the HXeCl band in a Ne matrix behaves accordingly (spectrum c in Figure 1 ).
The bands of HXeCl and DXeCl in a Ne matrix are at 1612 and 1173 cm −1 , which is in good agreement with the data reported by Lorenz et al. 13 The reason to repeat the experiments by Lorenz et al. is that their cryostat had the lowest temperature of 8 K, which is somewhat too high to work with Ne matrices; however, their results are confirmed. The ratio of the H−Xe and D−Xe stretching frequencies (1.374) is very similar to that measured in a Xe matrix (1.376). 14 In fact, the observed small difference in the H/D frequency ratios is remarkable because it features a decrease of anharmonicity of the H−Xe stretching vibration in a Xe matrix, i.e., the strengthening of chemical bonding of HXeCl upon solvation in a Xe matrix.
In addition to the main bands at 1612 and 1173 cm −1 , weaker bands appear at about 1720 and 1251 cm −1 . These bands are observed only when HCl(DCl) and Xe are present in a Ne matrix, grow upon annealing, and they are bleached by UV light synchronously with the main HXeCl and DXeCl bands. We assign the 1720 −1 band to the HXeCl . . . HCl complex in a Ne matrix (1251 cm −1 for the deuterated analogues). The shifts of the H(D)−Xe stretching mode of these complexes from the corresponding monomers are about +108 and +78 cm −1 , respectively. Several structures of the HXeCl . . . HCl complex have been suggested by theory and observed experimentally. 25 The bands found in the present study presumably originate from the lowest-energy structure (calculated shift +116.7 cm −1 ), in which the H atom of HCl interacts with the Cl atom of HXeCl. The HXeCl . . . HCl complex was previously identified in a Xe matrix, and the lowestenergy structure had two bands with shifts of +106.4 and +115.5 cm −1 . 25 Thus, the present results are in excellent agreement with the previous calculations and measurements in a Xe matrix.
Photolysis and annealing of an HCl/Xe/Ar matrix lead to the appearance of a band at 1675 cm −1 . This band rises at temperature of about 20 K, which is similar to the formation of HArF in an Ar matrix. 28 It appears only when both HCl and Xe are present in an Ar matrix and it can be easily bleached by UV light. Thus, this band can be safely assigned to HXeCl in an Ar matrix. Figure 2 shows the H−Xe stretching bands of HXeCl in Ne, Ar, and Xe matrices, located at 1612, 1675, and 1648 cm −1 . The H−Xe stretching frequency of HXeCl in a Kr matrix was reported previously to be 1664 cm −1 . 14 Thus, the following order of the H−Xe stretching frequencies ν(Ar) > ν(Kr) > ν(Xe) > ν(Ne) is obtained for HXeCl in different matrices. The same order of frequencies has also been found for HXeBr and HXeCCH. 12, 15 It should be mentioned that the efficiency of the formation of HXeCl in different matrices strongly depends on the experimental conditions. However, it seems that the amount of HXeCl in Ne and Ar matrices is comparable with that in a Xe matrix. As another interesting observation, the HXeCl band is much broader in an Ar matrix than that in a Xe matrix, which may be connected with more regular environment in the latter case.
We expand these experiments on Ng hydrides in "foreign" matrices to the case of HKrCl, for the first time for a Krcontaining molecule. Photolysis and annealing of HCl/Kr/Ar matrix produce a band at 1482.5 cm −1 (Figure 3 ). This band rises at temperature of about 20 K, which is similar to the formation of HArF. 28 This band appears only when both HCl and Kr are present in an Ar matrix and it can be easily decomposed by UV light; thus, it can be safely assigned to HKrCl in an Ar matrix. This band is blue-shifted from the HKrCl band in a Kr matrix by +6.5 cm −1 (Figure 3) . This observation shows the ν(Ar) > ν(Kr) order for the H−Kr stretching band of HKrCl, i.e., the same as for HXeCl, HXeBr, and HXeCCH. The formation of HKrCl in an Ar matrix is inefficient compared to a Kr matrix (the lower spectrum in Figure 3 is multiplied by 60). Our attempts to prepare HKrCl in a neon matrix have failed, which can be connected with the intrinsic instability of HKrCl or a relatively high formation barrier.
III. QUANTUM CHEMICAL CALCULATIONS
A. Computational details
The calculations were mainly performed with the B3LYP-D, [32] [33] [34] MP2, 35 and MP4(SDQ) 35 methods. In addition to these methods, the 1:1 complexes were calculated with the CCSD(T) method. 36 All calculations were done with Dunning's aug-cc-pVTZ basis set to avoid large basis-set superposition errors. [37] [38] [39] Pseudopotentials, supplied with the augcc-pVTZ basis set, were used for Kr and Xe atoms. The B3LYP-D, MP2, and CCSD(T) calculations were performed using the GAMESS package. 40 The MP4 method is not widely used nowadays; however, it is sometimes employed to optimize the geometry of hydrocarbons and organic molecules. 41, 42 This level of theory is unusual to calculate IR frequencies because of its high computational cost. In the hybrid MP2/MP4 approach recently proposed by us, the MP4(SDQ) potential has been used to improve the anharmonic MP2 frequencies of organic molecules. 43 The MP4 correlation energy correction consists of the MP2, MP3(D), MP4(SDQ), and MP4(T) corrections, which is known to describe well the dispersion interactions. 44, 45 While the MP2 method scales as nN 4 where n is the number of the occupied and correlated molecular orbitals and N is the total number of the basis functions, the third-order correction (MP3(D)) scales as n 2 N 4 and the fourth-order correction with single, double, and quadruple substitutions (MP4(SDQ)) scales as n 3 N 3 . Because the scaling of MP4(T) is n 3 N 4 , the energy calculations with MP4(SDQ) are much faster than with MP4(SDTQ). While the MP4(SDQ) method can strongly underestimate attractive dispersion forces, 46, 47 MP2 is known to overestimate dispersion interactions. 48, 49 In this work, we will show that the MP4(SDQ) potential can offer great advantages over MP2 for systems dominated by dispersion forces.
For all MP4 calculations, we used a code recently developed by us. 49 The MP4(SDQ) energies can be evaluated directly from atomic integrals, in the spirit of the direct Hartree-Fock method. 50 However, in the present work, the calculation was done using a parallelized algorithm where the integrals are kept in memory distributed over the available CPUs. This approach avoids the bottleneck of the data transfer from the hard disk. The used massively parallelized algorithm is found to be very efficient for the calculations reported here.
Using the MP4(SDQ) method, we also calculated anharmonic frequencies of HXeCl, HKrCl, and HCl molecules in single Ng layers. The supramolecular system is too large for the full Vibrational Self-Consistent Field (VSCF) calculations taking into account the mode couplings. Instead, we limited the calculation to the diagonal approximation. First, the potentials along each normal coordinate, with the other modes in the equilibrium, were computed. Then, the anharmonic frequencies were calculated for each mode by numerical solution of the one-dimensional Schrödinger equation. This approach represents the first step in the VSCF algorithms. [51] [52] [53] It neglects the coupling between different vibrational modes and includes only the intrinsic anharmonicity of the normal modes.
An important feature of the ab initio vibrational methods used here is that all interactions in the system are treated on the same footing, i.e., using the MP4(SDQ) quantum chemical potential. In particular, no pairwise interaction approximation is made between the Ng atoms or between the Ng atoms and HNgCl.
B. 1:1 complexes
The Ng . . . HNgY complex is the first approximation of the Ng matrix effect on the HNgY molecule. This single Ng atom already produces a large change in the H−Ng stretching frequency. The different complex structures give the general idea about possible interactions between the HNgY molecule and matrix atoms. 54 The lowest energy 1:1 complexes Ng . . . HKrCl (Ng = Ar and Kr) and Ng . . . HXeCl (Ng = Ne, Ar, Kr, and Xe) have the structure where the Ng atom interacts with the hydrogen atom. The Ng atom does not influence much the HNgY geometry, changing the bond lengths by less than 0.01 Å. The CCSD(T) method predicts the linear geometry of these complexes. According to other methods, the structures are slightly bent with the Ng -H-Ng angle from 179.0 • to 179.5 • . The only exception is the absolutely linear Ne . . . HXeCl complex at the MP4(SDQ) level of theory.
The harmonic H−Ng stretching frequencies seem to be highly overestimated by all methods (Table I) , which is typical for harmonic calculations of HNgY molecules. 7 More importantly for the present study, the order of frequencies obtained for the 1:1 complexes mismatches the experimental frequencies in matrices. In fact, the MP2, MP4(SDQ), and CCSD(T) methods predict the highest frequency for the 15 The lowest energy Ng . . . HCl complexes have a linear geometry where the Ng atom interacts with the H atom. These 1:1 complexes calculated by all four methods are linear with the C ∞v symmetry. The harmonic vibrational frequencies of the Ng . . . HCl complexes are shown in Table II . Interaction with Ne unexpectedly produces a blue shift on the HCl frequency by all methods. The MP2, MP4(SDQ), and CCSD(T) methods lead to intuitively correct order of frequencies where the frequency decreases when the Ng polarizability increases. The B3LYP-D results feature a different order for the complexes with Ar and Kr. The calculations for the Xe . . . HCl complex give red shifts that are substantially larger than found experimentally for this complex in a Ne matrix (−11 cm −1 ).
C. Single-layer model
The next step to describe the matrix effect is a singlelayer model. In this model, HNgY is surrounded by a layer of Ng atoms. We construct the layer adding additional Ng atoms to the system one by one starting from the most stable 1:1 complex and optimizing the layer at each step until it becomes complete. The complete layer is optimized as a global minimum for distribution of Ng atoms around the molecule and mimics the matrix cage. Two criteria are used for the completion of the layer. First, the cage is considered complete when an additional noble-gas atom is clearly outside the first shell. Second, this additional atom shifts the H−Ng stretching frequency by less than 0.2 cm −1 whereas an addition of an atom in the first shell shifts the H−Ng stretching frequency by a much larger value. The cage seems to have very small effect on the geometry of the HNgY molecules. The H−Ng and Ng−Y bond lengths change by less than 0.01 and 0.02 Å, respectively, and the HNgY molecules remain linear inside the cages. For all computational methods, the Ar, Kr, and Xe cages contain the same number of atoms, 17 and 12 for HNgCl and HCl, respectively. The Ne cages in all studied cases consist of 22 and 17 atoms for HNgCl and HCl molecules, respectively. In the Ar, Kr, and Xe cages, one of the cage atoms forms the perfectly linear Ng . . . HNgCl and Ng . . . HCl geometries following the motifs obtained for the 1:1 complexes. With respect to the corresponding axis, the Ar, Kr, and Xe cages have the C 5v symmetry (Figure 4) . The Ne cages have in most cases the C 1 symmetry ( Figure 5 ). The only exception here is the Ne cage for HXeCl calculated by the MP2 method where one of the Ne cage atoms forms the linear Ne . . . HXeCl geometry and the cage has the C 5v symmetry. The structure of the simulated single layer cages considerably differs from that of the corresponding Ng crystals. As compared with a single substitutional site in an Ng crystal, the single layer cages are strongly distorted along the HNgCl axis which elongates the cage. This large distortion is at least partially a result of including only single layer in the simulation. In all cases, the level of distortion is even higher if the single layer cages are compared with double substitutional sites of the Ng crystals.
In the optimized systems, the cages embedding HNgCl can be either stretched or compressed. To address this issue we compared the average Ng-Ng distance in calculated cages with the experimental Ng-Ng distances in the corresponding crystals (Table SI of The results are shown in Table III . For example, the Xe cage calculated by the B3LYP-D and MP2 methods is compressed with respect to the equilibrium whereas it is slightly stretched in the case of the MP4(SDQ) method. The normalized average distances gradually increase for Kr, Ar, and Ne, with an exception of the case of Ne and MP4(SDQ).
Table IV presents the harmonic frequencies of HKrCl and HXeCl molecules in the single layer cages. For HKrCl, all three methods reproduce well the experimental order ν(Kr) < ν(Ar) and the corresponding frequency difference (6.5 cm −1 ). For HXeCl, the MP4(SDQ) method reproduces correctly the order of the experimental frequencies ν(Ne) < ν(Xe) < ν(Kr) < ν(Ar) and the frequency differences. In contrast, the B3LYP-D method does not describe the frequency order between Ar and Kr matrices. The MP2 results are even less satisfactory because the red shift of the frequency is predicted for the heavier noble gases with respect to Ne, which contradicts the experiment.
It is interesting to compare the calculated H−Ng stretching frequencies of HKrCl and HXeCl in vacuum, 1:1 complexes, and single-layer cages (Table SII of the supplementary material). 55 In the B3LYP-D calculations, the insertion of the molecule into the cage increases the H−Ng stretching Table SI of the supplementary material). 55 The standard deviations are in all cases lower than 0.02. frequency as compared to vacuum and to the 1:1 complexes with the same Ng atom. For the MP2 method, the cage also increases the frequency with respect to vacuum (with exception of HXeCl in Xe) but decreases it with respect to the 1:1 complexes. In the case of MP4(SDQ), the frequencies obtained in the cages are always smaller than the frequencies in vacuum and the 1:1 complexes. The H−Ng stretching frequency can be considered as a measure of the stability of HNgY molecules with respect to the three-body (H + Ng + Y) dissociation channel. Thus, the MP4(SDQ) method seems to predict that the Ng layers destabilize the HNgCl molecules, which is in sharp contradiction with the prediction of the polarizable continuum model. 12, 20 The first Ng atom that forms the 1:1 complex with the HNgY molecule seems to stabilize the molecule, but the rest of the layer destabilizes HNgY consistently according to all methods excepting B3LYP-D. In fact, in computational studies of HHeF in Xe clusters, the H−He stretching frequency was maximum in the 1:1 complex and decreased for larger Xe clusters. 56 The results for HCl in the single-layer cages are shown in Table V . Interaction with Ne is reasonably described by B3LYP-D featuring a minor shift (the experimental frequency difference between the gas phase and a Ne matrix is −6 cm −1 ). The MP2 and MP4(SDQ) calculations overestimate the Ne matrix effect, predicting shifts of −28 and −47 cm −1 . On the other hand, all three methods reproduce well the experimental shifts by heavier Ng matrices with respect to Ne. With respect to the 1:1 complexes and vacuum, the single layers decrease the HCl vibrational frequency (Table SIII of the supplementary material). 55 Tables VI and VII show the results of the anharmonic calculations on HNgCl and HCl in different Ng layers performed with the MP4(SDQ) methods. It is seen that the accounting for anharmonicity produces no qualitative changes in the shifts between the matrices. On the other hand, the absolute frequencies change significantly (decrease with respect to the harmonic approximation) and the calculated values are in a good agreement with the experimental results. For example, the theoretical and experimental H−Xe stretching frequencies for HXeCl in the Xe environment are 1650 and 1648 cm −1 , respectively. The gas-phase values of the HCl frequencies are 2883 cm −1 (theory) and 2886 cm −1 (experiment). For HCl in the Xe surrounding, we have 2820 cm −1 (theory) and 2838 cm −1 (experiment). For HKrCl, the agreement is worse, for example, the theoretical and experimental frequencies (in the Kr environment) are 1582 and 1476 cm −1 whereas the experimental shift to the Ar surrounding is reproduced well. It seems that the MP4(SDQ) calculations overestimate chemical bonding of HKrCl. The prediction for the frequencies of the HKrCl and HXeCl molecules in the gas phase are 1768 and 1812 cm −1 , respectively. The relative success of MP4 over MP2 and DFT-D is most likely a result of a better description of dispersion interactions. The MP2 method is known to strongly overestimate dispersion-based interactions and Grimme's semiempirical dispersion correction, successfully used in DFT calculations, seems to have relatively low accuracy in the case of systems dominated by dispersion-like noble-gas environments.
IV. CONCLUDING DISCUSSION
In the present work, we have investigated both experimentally and theoretically the matrix effect on the vibrational properties of embedded molecules, with emphasis on Ng hydrides HKrCl and HXeCl. In the experiments, we have enriched the spectroscopic data on these species in Ng matrices, in particular, reporting for the first time the absorption bands of HKrCl and HXeCl in an Ar matrix. As a result, the H−Xe stretching bands of HXeCl are now known in four Ng matrices (from neon to xenon). HKrCl is now reported in Ar and Kr matrices. In contrast to HXeCl, the attempts to prepare HKrCl in a Ne matrix have failed, and reasons of this negative result embedded molecule. In other words, the Ar cage would be too tight for the embedded molecule whereas the Xe cage is more relaxed and the effect of stress is smaller (or even opposite). It is probable that this difference of the cage sizes is responsible for the unexpected order of the H−Xe stretching frequencies of HXeCl in Ar, Kr, and Xe matrices. The same is applicable to HKrCl in Ar and Kr environments. No experimental information on the pressure effect on HNgY molecules is available. In fact, this experiment is realistic; unfortunately, spectroscopic measurements at elevated pressures are not available in our laboratory. It is reasonable to suspect that an additional repulsive force that comes from compressive stress between the cage and HNgY molecule does not change HNgY geometry significantly but makes HNgY → H + Ng + Cl dissociation curve steeper hence increasing the H−Ng stretching frequency.
A very unexpected result of these calculations is a large red shift obtained by the MP4(SDQ) method for the H−Ng stretching mode of HNgCl in a single Ne layer with respect to vacuum (−50 cm −1 for HXeCl in the harmonic approximation). This red shift strongly increases in the anharmonic calculations. For MP4(SDQ), the H−Ng stretching frequencies in all Ng layers are smaller than in the case of vacuum. This MP4(SDQ) result is in general disagreement with other methods (B3LYP-D and MP2) and with the polarizable continuum model that predict the stabilization of Ng hydrides by the polarizable medium. 12, 20 This striking question about the validity of these MP4(SDQ) predictions will remain open until the experiments in the gas phase are performed. Another important question is how adequate the description of a solid matrix by a single layer is. Indeed, the single layer possesses no properly coordinated matrix atoms. However, calculations of larger systems with these computational methods are impossible at the present time.
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